Triethyloxonium hexachloroantimonate [Et3O + SbCl6 -] is a selective oxidant of aromatic donors (ArH), and it allows the facile preparation and isolation of crystalline paramagnetic salts [ArH +• , SbCl6 -] for the X-ray structure determination of various aromatic cation radicals. The mechanistic relationship between the Meerwein salt [Et3O + SbCl6 -] and the pure Lewis acid oxidant SbCl5 is based on a prior ethyl transfer from oxygen to chlorine within the ion pair.
Introduction
Reactive cation radicals are increasingly apparent as critical reaction intermediates when aromatic and olefinic donors are exposed to various organic electrophiles 1,2 and inorganic oxidants 3 or subjected to different electrochemical, photoinduced, and radiolytic (activation) methodologies. 4, 5 Stable cation radicals also pertain directly to the contemporary interest in organic materials science for molecular devices (electrical and photoconductors, ferromagnets, sensors, optical switches, etc.). 6, 7 Although the usual spectroscopic techniques (including UV−vis, IR, ESR, but not NMR) are available for the partial structural characterization of aromatic and olefinic cation radicals, the ultimate X-ray diffraction analysis has not been generally utilized owing to the paucity of crystalline cation radical salts. 8 The latter is understandable if one considers that the presence of both cationic and radical centers usually leads to highly labile species. 9 As such, recrystallization as the standard procedure for the purification of other types of impure salts seldom leads to single crystals of X-ray size/quality. Clearly desirable is a simple chemical method for the clean separation of the pure crystalline salt directly from solution as the aromatic cation radical is generated.
Among the oxidants available for the direct separation of the cation-radical crystals are nitrosonium salts and antimony pentachloride of particular use in the preparation of the paramagnetic thianthrenium and triarylaminium reagents, respectively. 10,11 As applied to hydrocarbon donors, nitrosonium salts [NO + X -] also effectively oxidize various substituted benzenes and polycyclic arenes to their cation radicals even in relatively nonpolar solvents such as dichloromethane. Although the straightforward redox stoichiometry obtained with [NO + X -] 12 (coupled with the ready in vacuo removal of the reduced nitric oxide from solution) offers an attractive methodology for the preparation of many cation-radical crystals, the competitive charge-transfer complexation of NO + with the aromatic donor 13 often complicates the crystallization process. Accordingly, we now turn our attention to the Lewis acid oxidant antimony(V) pentachloride, 11 particularly in its masked form as trialkyloxonium hexachloroantimonate(V) salts 14 by focusing on the (1-e) oxidation of the classes of aromatic donors identified in Chart 1. 15 Most noteworthy in this study is the successful preparation of crystalline cation-radical salts (with reduction potentials that can be as high as E o red = 1.35 V vs SCE), which allows us to now report some typical X-ray structures of novel aromatic cation radicals.
Chart 1
Results and Discussion I. Oxidation of Aromatic Donors with Antimony(V) Pentachloride. The general efficacy of antimony pentachloride for the preparation of aromatic cation-radical salts was initially examined with fully substituted aromatic donors such as hydroquinone ether 1 with an oxidation potential of E o ox = 1.11 V vs SCE. The preparative results with 1 were then compared to those obtained with the parent hydroquinone dimethyl ether 1b with a more positive E o ox value of 1. 35 V. 15 A. Preparation of Crystalline Cation-Radical Salts. Treatment of the aromatic ether 1 with antimony pentachloride in dichloromethane at −78 °C immediately resulted in a bright orangered solution from which the crystalline salt [1 +• SbCl6 -] could be isolated in quantitative yields (see Experimental Section). Establishment of the complex 3:2 stoichiometry in eq 1 was allowed by the ready separation of hexachloroantimonate salts owing to their insolubility in diethyl ether (or hexane) under conditions in which the reduced antimony(III) chloride was soluble. 16 When the SbCl5 oxidation of the aromatic donor 1 was slowly carried out under carefully controlled conditions (especially in hexane), crystalline orange-red needles of the cation-radical salt [1 +• SbCl6 -] that were suitable for direct X-ray diffraction analysis could be collected.
B. Competition from Aromatic Chlorination.
Treatment of p-dimethoxybenzene 1b with antimony pentachloride (under the reaction conditions for eq 1) yielded a rather nondescript brown solution which contained the cation radical 1b +• in only 60% yield (by spectral analysis). Reductive workup of the reaction mixture with zinc dust led to the recovery of the dimethoxybenzene, together with significant amounts of chloro-p-dimethoxybenzene, 17 from which we deduced a somewhat complex reaction (eq 2). Indeed, the competitive chlorination of the aromatic donor effected by antimony pentachloride in eq 2 was reminiscent of electrophilic chlorinations of some other aromatic and olefinic donors previously observed under similar conditions. 18, 19 Figure 1 UV−vis absorption spectra of various cation radicals from (A) hydroquinone ethers, (B) polycyclic aromatic hydrocarbons, and (C) aryl olefin donors (as indicated) by treatment with [Et3O + SbCl6 -] in dichloromethane at 0 °C.
To assess the fate of the triethyloxonium cation during the quantitative production of cation radical, the experiment was repeated in deuterated dichloromethane at −30 °C, under otherwise the same conditions. The reaction mixture was stirred for 4 h to yield 1 +• quantitatively (as determined spectrophotometrically). After the highly colored solution was quenched with a pinch of zinc dust, an NMR analysis of the colorless dichloromethane solution revealed the presence of ethyl chloride and diethyl ether together with neutral donor 1. [The identities of EtCl and Et2O were confirmed by spectral comparison of their NMR spectra with those of authentic samples, as described in the Experimental Section.] Accordingly, the stoichiometry for the oxidation of the aromatic donor with triethyloxonium hexachloroantimonate(V) can be readily described as Quantitative isolation of the crystalline cation-radical salt [1 +• SbCl6 -] was carried out by cooling the highly colored solution to −20 °C, followed by carefully layering it with diethyl ether, and allowing the mixture to stand undisturbed at −20 °C. Under these conditions, the slow (quantitative) separation of dark orange-red needles of [1 +• SbCl6 -] left a residual solution almost bereft of (cation-radical) color.
B. Preparation of Aromatic Cation-Radical Salts.
The effectiveness of triethyloxonium hexachloroantimonate as a 1-e oxidant was examined with the series of the electron-rich hydroquinone ethers, polycyclic aromatic hydrocarbons, olefins, and heteroatom-centered donors in Table 1 . In each case, treatment of the various aromatic donors with 1.5 equiv of [Et3O + SbCl6 -] in dichloromethane under similar reaction conditions resulted in vividly colored solutions that contained the corresponding cation radicals in excellent yields. Most importantly, the representative UV−vis absorption spectra of the cation radicals, presented in Figure 1 , were identical with those obtained by either electrochemical (anodic) or chemical oxidation (NO + SbCl6 -or chloranil/methanesulfonic acid). 15 Applying this general procedure, we were able to isolate highly crystalline cation radical salts of a variety of organic donors in excellent yields (see Table 1 ). The purity of the crystalline cation-radical salts was determined by either a spectrophotometric method or by iodometric titration (see Experimental Section). 23 was an effective oxidant for the production of aromatic cation radicals but only as the hexachloroantimonate salt. 14b Thus the analogous triethyloxonium tetrafluoroborate under identical reactions did not afford any cation radical even after prolonged stirring (12 h) at room temperature. Similarly, mixtures of the aromatic donors in Chart 1 and tetrabutylammonium hexachloroantimonate(V) under the same conditions never underwent color changes diagnostic of cation-radical formation. The latter is consistent with SbCl6 -as a weak oxidizing anion (showing an irreversible anodic wave E p red at merely 0.2V) 24 which is just sufficient to effect iodide oxidation, i.e., 15a To account for the efficacy of triethyloxonium hexachloroantimonate in the oxidation of aromatic hydrocarbons with oxidation potentials as high as E o ox = 1.3 V, we considered SbCl6 -as a latent form of antimony pentachloride that was unmasked by the alkylating power of the oxonium moiety, i.e., 25 As such, the oxonium stoichiometry for the conversion of SbCl6 -in eq 6 plus the redox stoichiometry for SbCl5 in eq 1 coincides with the preparative (cation-radical) stoichiometry from [Et3O + SbCl6 -] in eq 3.
On the basis of eq 6, the release of SbCl5 as the active form of SbCl6 -must be reconciled with the singular absence of chlorinated byproducts from oxidation of the aromatic donors in Table  1 that is otherwise obtained when antimony pentachloride itself is employed as the reactant (compare eq 2). 18 This ambiguity raises an important mechanistic question as to how antimony pentachloride functions as an aromatic oxidant that leads to cation-radicals (ArH +• ) on one hand and to electrophilic chlorination products (ArCl) on the other. An obvious distinction between these aromatic products is that ArH +• derives from the aromatic donor via a 1-e change, whereas ArCl involves a 2-e transformation (formally via Cl + ).
As a coordinativily unsaturated Lewis acid, SbCl5 is prone to dimerization (eq 7); 26 if so, the slow release of theactive monomer in eq 6 may be responsible for electron transfer (eq 8), 27 and the dimeric form may lead to electrophilic chlorination (eq 9). 28 Be that as it may, further mechanistic studies are clearly required to delineate the pathways for antimony(V) chloride either in form of (SbCl5)x or [Et3O + SbCl6 -] as useful reagents in the preparation of cationradical salts.
E. Practical Advantages as a One-Electron Oxidant.
The slow release of SbCl5 according to eq 6, we believe, forms the basis for the efficacy of [Et3O + SbCl6 -] as an aromatic oxidant in the preparation of crystalline cation-radical salts. Indeed, the rate of aromatic oxidation with [Et3O + SbCl6 -] can be modulated by carrying out the reaction at various temperatures (typically from 0 to −30 °C) in order to optimize the slow growth of paramagnetic crystals. By contrast, the reactivity of the pure Lewis acid SbCl5 is very difficult to control, and 1-e oxidations as well as chlorinations of various aromatic donors can occur readily at even −78 °C. 18, 19 We hope that further fine-tuning of the oxidation rates will be possible with the synthesis of other trialkyloxonium salts of hexachloroantimonate with varying solubilities.
III. Structural Characterization of Aromatic Cation Radicals.
The oxidative preparation of aromatic cation-radical salts made possible with triethyloxonium hexachloroantimonate allowed us to uniformly isolate single crystals suitable for X-ray diffraction analysis. Among the various crystalline aromatic salts in Table 1 , we focus here on only three that illustrate some unique structural features of cation radicals as follows.
A. Dimethoxytriptycene Cation Radical (3 +• ).
Triptycene is a fundamentally important cation radical from the standpoint of intermolecular orbital interactions among the three equivalent benzenoid rings. 29 In the unsymmetrical 1,4-dimethoxy derivative 3 +• , we further inquire as to (i) the conformation of the methoxy groups, (ii) bond lengths and the distribution of the cationic change, and (iii) the electronic consequence of charge delocalization. (ii) In the cation radical 3 +• , the removal of an electron from the 1,4-dimethoxybenzene moiety results in a substantial alteration in the principal bond lengths owing to a major contribution from the quinoidal structure, i.e., Such a bond alteration is summarized in Table 2 by comparing the principal C−C and C−O bonds in the methoxy-substituted cation radicals 1 +• and 3 +• relative to those in the neutral ethereal donor 1. 16b From such a bond-length comparison, it is easy to conclude that the center of cationic charge in dimethoxytriptycene cation radical residues largely if not completely on the dimethoxy-substituted ring. The latter is strongly supported by aromatic C−C bond lengths in the pair of unsubstituted o-phenylene groups of 3 +• that are within esd to those of triptycene. 31 (iii) The bright yellow-green color of dimethoxytriptycene cation radical derives from a weak (partially resolved) absorption appearing as a low-energy tail in the UV−vis spectrum ( Figure  3) . Otherwise, the principal twin (π−π*) absorption at λmax = 441 and 466 nm (log ε 3.44) is akin to that of the bright yellow cation radical 1a +• of the parent dimethylhydroquinone dimethyl ether illustrated in Figure 1A . As such, we tentatively attribute the weak new visible band as well as the near-IR absorption in 3 +• to the intramolecular charge-transfer interaction between the charged (MeO)2C6H2 chromophore with the phenylene groups, much in the manner previously observed as intermolecular charge-transfer interactions in cationic aromatic π-dimers 32 and tropylium/arene complexes. 33 However, the interesting molecular packing diagram in Figure 4 (with the SbCl6 -counterion omitted for the sake of clarity) shows strong intermolecular overlap of the oxidized dimethylbenzene moiety with the benzene ring of an adjacent dimethoxytriptycene at an interplanar separation of 3.4 Å that corresponds to a shortened van der Waals contact. Since the latter complicates the unambiguous analysis of the intramolecular orbital (charge-transfer) overlap among the different benzene rings in the triptycene chromophore, we hope that the synthesis of some other pertinent analogues (in progress) will provide clearer indications. Table 2 . 16b
In the molecular packing diagram shown in Figure 5 , the cationic ethereal ring and the anionic counterion SbCl6 -give rise to infinite stacks of alternating cations and anions along the crystallographic [1,0,1] axis. The chlorine atoms of SbCl6 -are in a rather close contact with the cationic dimethoxybenzene ring in the range of 3.23−3.53 Å. [Note that these contacts are considerably shorter than the sum of van der Waals radii for carbon (1.7 Å) and chlorine (1.8 Å).] The pentamethylphenyl moieties are situated outside the charged stacks and are arranged in such a way that they overlap with the pentamethylphenyl moieties of neighboring stack with an interplanar separation of 3.63 and 3.69 Å (for the two disordered positions). The latter may be responsible for the green tinge of the crystal which differs from the yellow solution of 5 +• with λmax = 464, 488 nm which is the same as the absorptions in the monocyclic 1b +• . C. Octamethylbiphenylene Cation Radical. The oxidation of octamethylbiphenylene 8 with triethyloxonium hexachloroantimonate in dichloromethane solution resulted in a dark blue solution from which the pure cation-radical salt [8 +• SbCl6 -] could only be obtained as a microcrystalline black solid unsuitable for X-ray crystallography. However, when a 2:3 mixture of octamethylbiphenylene and triethyloxonium hexachloroantimonate in dichloromethane was allowed to stand unperturbed with a layer of toluene at −23 °C, the slow in situ crystallization afforded a crop of well-formed black crystals. X-ray structure analysis indicated that the intense (black) color arose from infinite (homosoric) stacks of octamethylbiphenylene units (tilted at a 69° angle from the principal axis) which are separated by intertwined columns of hexachloroantimonate anions and some triethyloxonium cations, as illustrated in Figure 6 . Quantitative analysis of the complex stoichiometry indicated the cation-radical presence as a cationic dimeric pair, i.e., (octamethylbiphenylene)2 +• . Indeed a closer inspection of the unit cell revealed two independent intermolecular (separation) distances of 3.41 and 3.54 Å between octamethylbiphenylene moieties. The difference of 0.13 Å relates to the separation between dimeric units consisting of two equivalent octamethylbiphenylene structures shown in Structural comparison of the C−C bond lengths in each of the dimeric units (8)2 +• revealed an alternating elongation (0.014 Å) and contraction (0.026 Å) of the C−C bonds in the fourmembered ring relative to that in the neutral donor (8), 34 as presented in Figure 7 . Such a distortion is undoubtedly related to the complete electron delocalization between 8 +• and 8 within each dimeric unit, i.e., 35 However, the eventual isolation of the crystalline pure cationradical salt [8 +• SbCl6 -] should allow us to address the question of enhanced bond alteration in octamethylbiphenylene cation radical itself. More interestingly, the latter offers the possible observation of enhanced electrical conductivity arising from homosoric 8 +• stacks. 36 40 phenoxthin, 41 and 1,4-dimethoxytriptycene 15c have been described previously. Tetraphenylethylene, 1,4-dimethoxybenzene, 1-methoxynaphthalene, thianthrene, and perylene were commercially available (Aldrich) and were purified by repeated recrystallization. Trimethyl-and triethyloxonium hexachloroantimonate and tetrafluoroborate salts (Aldrich) were stored in a Vacuum Atmosphere HE-493 drybox kept free of oxygen. Tetra-n-butylammonium hexachloroantimonate was prepared by slow addition of SbCl5 to a dichloromethane solution of tetra-n-butylammonium chloride at −20 °C. The resulting [TBA + SbCl6 -] was precipitated by addition of ether and the colorless precipitate was filtered, washed with ether, and recrystallized from a mixture of dichloromethane and diethyl ether. Dichloromethane (Mallinckrodt analytical reagent) was repeatedly stirred with fresh aliquots of concentrated sulfuric acid (∼20 vol %) until the acid layer remained colorless. After separation, it was washed successively with water, aqueous sodium bicarbonate, water, and aqueous sodium chloride and dried over anhydrous calcium chloride. The dichloromethane was distilled twice from P2O5 under an argon atmosphere and stored in a Schlenk flask equipped with a Teflon valve fitted with Viton O-rings. The hexane and toluene were distilled from P2O5 under an argon atmosphere and then refluxed over calcium hydride (∼12 h). After distillation from CaH2, the solvents were stored in the Schlenk flasks under an argon atmosphere.
Summary and Conclusions
Synthesis of 1,4-Dimethoxy-2-methyl-5-(3'-pentamethylphenylpropyl)benzene 5. The tethered donor was synthesized from 3-(pentamethylphenyl)propanoyl chloride 42 (2.39 g, 10 mmol) and 2,5-dimethoxytoluene (1.52 g, 10 mmol) in anhydrous dichloromethane (25 mL Determination of Purity of the Cation-Radical Salts. The purity of the isolated cation radical hexachloroantimonate salts was determined either by a spectrophotometric method or by iodometric titration. The general procedures described for [1 +• SbCl6 -] were employed for determination of the purity of other cation radicals in Table 1 , and they were found to be uniformly greater than 98%. 4 mL) , purity of the cation radical was determined to be >99%.
General Procedure for the Preparative
The various cation-radical salts listed below were prepared and the purity of isolated salts was determined using the general procedures described above. The details and characteristic spectral data are presented as follows. Preparation of [1 +• SbCl6 -] Using SbCl5. The hydroquinone ether 1 (540 mg, 2 mmol) was dissolved in anhydrous dichloromethane (10 mL) under an argon atmosphere in a 100 mL flask equipped with a Schlenk adapter and a rubber septum. The flask was cooled in a dry ice−acetone bath (∼−78 °C), and a dichloromethane solution of SbCl5 (0.3M, 10 mL) was added slowly with the aid of a Teflon cannula under a flow of argon. The solution immediately turned deep orange red, and a large amount of crystalline material precipitated. The resultant mixture was warmed slowly to 0 °C and was stirred for a further 10 min at 0 °C; anhydrous diethyl ether (40 mL) was added to precipitate the dissolved cation-radical salt. The orange-red precipitate was filtered under an argon atmosphere and washed thoroughly with anhydrous diethyl ether (3 × 10 mL). The microcrystalline [1 +• SbCl6 -] salt was dried at room temperature (∼22 °C) in vacuo to afford fine orange-red needle shaped crystals in nearly quantitative yield (1.18 g, 97.6%). The purity of the cation radical salt was determined iodometrically to be greater than 99%.
Reaction of p-Dimethoxybenzene with SbCl5. A solution of p-dimethoxybenzene (276 mg, 2 mmol) in anhydrous dichloromethane (10 mL) was placed in a 100-mL flask equipped with a Schlenk adapter and a rubber septum. The solution was cooled in a dry ice−acetone bath (approximately −78 °C), and a dichloromethane solution of SbCl5 (0.3 M, 10 mL) was added slowly with the aid of a Teflon cannula under a flow of argon. The dark brown reaction mixture thus obtained was warmed to −20 °C and was stirred for an additional 10 min. Anhydrous diethyl ether (50 mL) was added with the aid of a hypodermic syringe, and a dark oily residue separated which did not crystallize even after prolonged stirring (∼2 h) at − 20 °C. The mixture was treated with zinc dust (∼1 g) and was stirred for 10 min. The colorless solution was filtered and washed with aqueous sodium bicarbonate (30 mL) and water (30 mL). Removal of solvent yielded an oily residue which upon GC and GC-MS analysis (internal standard method) showed a mixture of p-dimethoxybenzene (174 mg, 63%), chloro-p-dimethoxybenzene 17 (59 mg, 17%), and several unidentified products.
Isolation and X-ray Crystallography of Cation-Radical Hexachloroantimonate Salts. The intensity data were collected with the aid of a Siemens SMART diffractometer equipped with a CCD detector using Mo Kα radiation (λ = 0.710 73 Å), at −150 °C unless otherwise specified. The structures were solved by direct methods 44 [Interestingly, triethyloxonium hexachloroantimonate cocrystallized with the mixed-valence (8)2 +• salt. The crystallographic solution revealed that triethyloxonium moiety was completely ordered in this structure, and it allowed the molecular geometry of Et3O + to be established unambiguously. Moreover, this finding is significant because the previous attempts to obtain an ordered structure of triethyloxonium cations were unsuccessful]. 
